the parameters control position and shape of the water retention equation.
databases. The first approach, referred to as the parametric in this paper, has been used in the PTFs development, for instance, by Vereecken et al. (1989) , Schaap K nowledge of soil hydraulic properties is needed et al. (1998) , Minasny et al. (1999) , and Wö sten et al. for many applications in hydrology, agronomy, me- (2001) . The second technique, referred to as the pointteorology, ecology, and environmental protection. Durbased in this paper, was used in PTFs developed by ing a preliminary design of research on small plots, or in Baumer (1992) . For Brazilian soils, point-based PTFs large project areas where measurements are impractical have been developed by Tomasella and Hodnett (1998) (Carter and Bentley, 1991) , soil hydraulic properties and by van den Berg et al. (1997) . More recently, Tomaneed to be estimated by the use of PTFs. The term sella et al. (2000) developed a PTF based on the parapedotransfer function was first introduced for empirical regression equations relating water and solute transport metric approach. parameters to the basic soil properties that are available There are indications that the parametric approach in soil surveys (Bouma, 1989) . Developing PTFs is a may lead to lower accuracy in water retention predicgrowing field, as seen in recent reviews (Rawls et al., tions compared with the point-based approach. Reasons 1991; van Genuchten and Leij, 1992; Pachepsky et al., for that may be (i) soil water retention in different 1999; Wö sten et al., 2001) .
ranges of soil water potential is affected by different The soil water retention curve, one of the hydraulic basic soil properties (Visser, 1969) , and (ii) coefficients properties often estimated with PTFs, describes the deobtained from fitting the retention equation to data pendence of soil water content on soil water potential.
may have low reliability due to the inherent correlation This dependence is usually represented by an analytical between those coefficients or due to nonuniform distriequation, with a small number of parameters. The water bution of soil water potential levels at which the water retention equation is fitted to soil water retention mearetention was measured (Vereecken et al., 1989; Scheisurements ) using the same methodology: tension tables ability is somewhat related to the similarity between the between saturation and Ϫ10 kPa, and pressure chambers bedata set used in the developing and testing of the PTF tween Ϫ10 kPa and Ϫ1500 kPa. Bulk density was determined (Tomasella et al., 2000) .
after drying soil cores at 105ЊC for 24 h, and particle density However, we are not aware of any study comparing (when available) by volumetric flask. Porosity was derived the accuracy of the parametric and point-based techfrom the bulk density and particle density. The pipette method niques when developed and tested using the same data was used to determine silt and clay fraction, sand fractions set. Therefore, the objective of this study was to com- 
MATERIALS AND METHODS
of humus. For this reason, we selected organic C, a direct meaWe used the database of Tomasella et al. (2000) , augmented sured variable, rather than organic matter, as an independent with new data to represent a greater variety of Brazilian soil variable in the PTF. Finally, moisture equivalent was detertypes ( Fig. 1) . Since water retention is not standard informamined as the gravimetric moisture content remaining in a disturbed soil sample after centrifuging at 2400 rpm for 30 min. tion in Brazilian soil surveys, Tomasella et al. (2000) selected Since soil retention data came from different sources, only for PTF development can be found in Pachepsky and Rawls (1999) and Pachepsky et al. (1998) . The version of the GMDH those samples defined by at least five pairs of water retention points were included in the database (Tomasella et al., 2000) .
used in this paper is coded in the commercial software ModelQuest (AbTech Corp, 1996) , that uses the following preThis minimum was arbitrary selected because analytical retention curves commonly used have four or less parameters. To dicted squared error criteria, PSE: derive PTFs with parametric and point-based approaches, the PSE ϭ SSE ϩ CM(2k/T), [2] following steps were taken.
Step 1. Soil retention data for the 838 samples available in where SSE is the sum of squared errors, CM is the complexity the database were fitted to the analytical equation proposed penalty multiplier, k is the number of terms in the network by van Genuchten (1980) : model, T is the number of training observations. The value of CM is found by optimization so that the model with smallest number of nodes is found to provide the minimum absolute
error. The development data set was used to derive the PTFs.
Step 5. The PTF from the point-based method was used to where is the volumetric water content [m 3 m
Ϫ3
], h is the compute water contents at selected potentials in the testing water potential [kPa]; 0 is the saturated water content, r is data set, then van Genuchten equation parameters were fitted the residual water contents, ␣ and n are parameters governing to computed water contents for each sample, and subseposition and shape of the water retention curve. In this study, quently, water contents at the selected potentials were comvan Genuchten parameters 0 , t , ␣, and n were estimated using puted with this equation. The PTF from the parametric apthe RETC code for quantifying the hydraulic conductivity of proach was also applied in the testing data set to estimate van unsaturated soils (van Genuchten et al., 1991) .
Genuchten parameters from basic soil properties, and then Step 2. We created a homogeneous data set to be used in water contents at the selected potentials were estimated from the point-based method. Since the number of points and the this equation. specific water potentials differed between data sources, water
Step 6. For individual water contents, the accuracy for the potential values selected for developing PTFs for the pointtwo approaches was compared using the root mean squared based approach were: zero, Ϫ6 kPa, Ϫ10 kPa, Ϫ33 kPa, Ϫ100 error, RMSE: kPa, and Ϫ1500 kPa. Moisture contents at those potentials were measured in all available curves, except for the moisture
content at Ϫ6 kPa water potential that was not measured in 43% of the total number of water release curves. Therefore, the point-based equation for Ϫ6 kPa water potential was dewhere the subscripts m and p indicate predicted and measured rived and validated from 477 data-points, compared with a soil moisture values, respectively, and ND is the number of total of 838 data points used on other potentials. Porosity was data points. assumed to be equal to water content at saturation, and was For comparing water retention curves, the root mean derived from bulk and particle densities. Since some sources squared difference, RMSD, (Tietje and Tapkenhinrichs, 1993) did not provide particle density data, the porosity was not was used: available on nine of the 838 water release data available, and only 829 data points were used in the derivation and validation
for porosity.
Step 3. The development and testing data sets were created. where c and d define the integration interval. As suggested First, the whole dataset was subdivided into regional databy Tietje and Tapkenhinrichs (1993) , the integrals were calcubases. This strategy was adopted since Brazil has a wide variety lated using log 10 (h), and for this reason porosity was assumed of climate, vegetation, and geological environments, and pedoto correspond to water the content at a potential of Ϫ0.01 genetic processes are quite different along the country. Brazil kPa. Since the RMSD is an integrated statistic that takes into is divided in five regions ( Fig. 1): the Northeast, which is account the whole range of water potentials, it is useful to broadly speaking semiarid; the North, covered by the tropical exam if point-based estimations provide accurate estimations rainforest; the South, which is a more temperate environment; of individual water content but fail in reproducing the shape the Center-West, mainly dominated by the cerrado (savanna); of the retention curve. Performances between both techniques and the Southeast, which is a transition between the savanna were tested using the F statistics, as suggested by Rajkai et and a temperate climate. Second, each regional dataset was al. (1996) . split randomly into development (75%) and testing (25%) regional subsets. Finally, regional development (testing) data sets were combined in one national development (testing) RESULTS data set. This procedure ensured that both development and testing data sets cover all country regions.
The t test for both the development and validation
Step 4. The PTF equations were derived relating (i) water data demonstrated that the groups were not significantly contents at selected water potential to soil basic data for the different (Table 1) . Except for the fine sand values, all point-based approach, and (ii) the van Genuchten parameters values from testing data set were within the ranges found to soil basic data for the parametric approach.
in the development data set. The texture distribution
The group method of data handling (GMDH) was used to in both the development and validation data sets is develop the PTF equation. The GMDH is a heuristic, neurotypical for Brazilian soils (Fig. 2) , since they are usually net type regression technique that retains only essential input clayey, low-density, kaolinitic, with relatively low silt variables in a flexible net of polynomial regression equations content varying between 10-20%, and rarely exceeding (Farrow, 1984) . The GMDH provides an automated selection 40%. As was noted by Tomasella et al. (2000) , most of essential input variables and builds hierarchical polynomial Brazilian tropical soils are quite different in terms of regressions, usually with fewer nodes than artificial neural networks. More details about the application of the GMDH texture characteristics, with strong implications on soil water behavior, compared with soils of temperate clisimilar agreement between observed and estimated moisture content in both the testing and the developmate. For a quick comparison, see for instance Fig. 1 of Tiejte and Tapkenhinrichs (1993) or Fig. 1 of Schaap ment data sets (Table 4) . On the other hand, the accuracy of the PTF based on the parametric technique to and Leij (1998) .
The van Genuchten equation fitted Brazilian water the testing data set was substantially lower compared with the development data set (Table 4 ). The perforretention data with high accuracy (Table 2) , similar in quality with the fittings of Schaap et al. (1998) . These mance of the point-based technique was superior at all levels of soil water potentials and for integrated water results clearly indicate that the van Genuchten equation was suitable for fitting water retention data of Brazilretention curves (Table 4) . ian soils.
PTFs developed with the GMDH for point-based and
DISCUSSION
parametric methods are given in the Appendix. The four fractions of texture, organic C, and moisture equivalent Application of two methods to estimate soil water retention gave strikingly different results, even though were used as predictors in the development of the PTFs (Table 3) . We also tried to use the cation exchange the equation to fit water retention curves and soil survey data used as predictors were the same for both methods. capacity as a predictor but did not find a significant improvement (data not shown). Coarser texture fracAccuracy of each method with Brazilian data set was similar to the accuracy of that method applied to other tions served as predictors for high water potential, whereas fine fractions worked as predictors at low (large data sets. For example, Ahuja et al. (1985) applied the point-based estimation to the Southern plain database negative) potentials. The absolute error of the estimation decreased as the water potential decreases. With and obtained the accuracy of about 0.05 m 3 m Ϫ3 . Schaap and Leij (1998) applied the parametric estimation the parametric method, the estimates were reasonably accurate for the 0 parameter and slightly less accurate method to three databases and obtained overall RMSE of ≈0.1 m 3 m
Ϫ3
. These values are close to the values for the r parameter. Predictors of 0 were the same as those used for porosity, and the accuracy of the estimain Table 4 . Data in Table 3 indicate that the coarse-textured fraction was very similar for both. Estimation of log ␣ and log n resulted in R 2 much lower than the estimation of tions affect water contents near saturation, and fine fractions were more relevant at lower moisture content. 0 and r . The list of predictors in the final equation for ␣ suggests that its value was affected by a combination Similar results were found with other soil hydraulic databases (Rawls et al., 1991) . of independent variables that control the moisture values at both high and low water potentials. Values of n Organic C was not selected by the GMDH algorithm to be an essential input variable in PTFs, although it was appeared to be controlled mainly by the bulk density and the moisture equivalent. presented in the list of possible inputs for the GMDH to build PTFs. One possible reason is that not only quantity The application of the point-based PTF showed a but also quality of organic matter content affects soil Brazilian soils (Tables 2, 4) . Recently Rawls and Pachepsky (2002) have applied regression tree technique water retention. Rawls et al. (2003) compared relative effects of organic matter on water retention using PTFs to NRCS database and have shown that using categorical information about soil structure can improve estideveloped in different regions, and found large regional differences. Our database encompasses several regions mates of water retention.
One reason for the significance of structure for hywith vastly different combinations of soil-forming factors. Another reason may be that the moisture equivadraulic properties of Brazilian soils may be the relatively low content of silt fraction as compared with soils from lent and bulk density together make the use of organic matter in PTFs unnecessary. We may have encountered the temperate climate regions. The domination of very coarse and very fine particles over particles of the interthe same situation as Bloemen (1980) , who has demonstrated that bulk density effectively substituted organic mediate sizes makes the particle packing patterns very important for hydraulic properties. We note that such matter content in PTF development with his data set.
Variations in accuracy in Table 4 can be partly exfeatures in texture can be found in other tropical soils (MacLean and Yager, 1972; Babalola, 1978) . plained by the inability of PTFs in capturing differences in structure using the set of predictors that we had. The Several factors could contribute in the superiority of the point over the parametric method in this work. The low accuracy of the van Genuchten parameter estimates with this type of predictors has been observed with other difference in data used could not contribute since the same dataset has been used to calibrate and validate soil hydraulic databases (Pachepsky et al., 1996; Schaap et al., 1998) . It is possible that those parameters reflect both methods, and both point and parametric data were optimized using sum of squared differences between soil structure rather than soil texture. The importance of structure for water retention of Brazilian soils is supmeasured and simulated water contents. It is theoretically possible (but hardly probable) that regressionported by the fact that both bulk density and moisture equivalent, which are indirect indications of structure, based GMDH method would perform better on point data than on parametric data. appears in the point-based equations at all soil water potentials. Descriptions of soil structure can be found It is well known that a group of basic soil properties are more important in the wet range of the water retenin soil survey databases, but these descriptions are given in categorical rather than in numerical form. Using cattion curve, while other properties control the variability on the dry range. Shape parameters of the analytical egorical structural data to estimate van Genuchten's parameters presents an interesting issue to explore, conwater retention curve, on the other hand, describe its behavior both in the dry and wet range. Therefore, the sidering that van Genuchten's equation showed an excellent performance for fitting water retention data of most probable explanation for a better performance of the point over the parametric method is that the Farrow, S.J. 1984. The GMDH algorithm. p. 1-24. In Self-organizing
